Background: Visceral adipose tissue (VAT) generally demonstrates a stronger relationship with
Introduction
Obesity continues to be a major public health issue in the United States and many industrialized nations (1) and has been linked to hypertension, insulin resistance, type 2 diabetes mellitus and coronary heart disease (2) . It is well established in adults that visceral adipose tissue (VAT) has a stronger relationship with cardiometabolic risk factors and insulin resistance than other types of adipose tissue (3) (4) (5) . In children, conflicting results in the association of VAT with lipid markers, insulin and blood pressure have been reported (6) (7) (8) (9) (10) (11) (12) (13) (14) . Previous studies used either computed X-ray tomography (CT) or magnetic resonance imaging (MRI) to quantify VAT. Each has significant limitations for clinical research and practice because of cost, the need for manual analysis, extended scan times and a limitation to the maximum size of participants that can be examined. Additionally, CT emits ionizing radiation making its use for VAT especially problematic in children (15) .
Because of these limitations, most studies have used a single abdominal slice within the android region to estimate VAT, often at the umbilicus or L4-L5 (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . However, studies in adults demonstrated high intrasubject variability (16) depending on slice site, differences by sex and race (17) and differences reported in the association between VAT and metabolic syndrome (18) (19) (20) . Similar variations in regional adipose tissue distribution by sex and race have been shown in pre-pubertal children (21) . Software advancements have made it possible for the dual-energy X-ray absorptiometry (DXA) to estimate the amount of VAT and subcutaneous adipose tissue within the android region. Recently, DXA for quantification of VAT has been validated in adults (22) and a study in adults observed DXA-VAT to be reproducible and useful as a clinical marker of cardiometabolic risk (23) . This new method is less expensive than CT or MRI, provides immediate quantification of regional body composition and scans participants weighing up to 450 lb (DXA; Lunar Prodigy, General Electric Medical Systems, Madison, WI, USA). In addition, the extremely low amount of radiation emitted by DXA is considered safe for use in children. To date, VAT estimation by DXA has not been examined in children. Furthermore, it has not been compared with current methods of single slice using CT or MRI in children. The purpose of this study was to compare total volume DXA-VAT with single slice CT-VAT in children. Given that DXA is currently the standard method used for measuring total body fat, confirmation of DXA as a useful estimate of visceral and subcutaneous adipose tissue would offer a valuable alternative to CT and MRI.
Methods

Study design and participants
The current study was a cross-sectional analysis of data obtained in 329 children ages 6-18 years. The range of adiposity ranged from lean to obese (body mass index [BMI] 13-45 kg m −2 and BMI percentile from 3% to 99% mean 55%). Data were combined from a community-based study evaluating cardiometabolic risk in children and a group of healthy siblings of childhood cancer survivors. Data were collected from 2007 to 2011 (n = 555). Only participants with VAT measured by CT and a full-body composition scan by DXA were included. The respective protocols were approved by the University of Minnesota Institutional Review Board and consent/assent was obtained from parents and participants, respectively.
Anthropometric and blood pressure measurements
Testing was conducted at the University of Minnesota Clinical Translation Science Institute after participants had been fasting for a minimum of 8 h. Tanner stage of sexual maturation was determined by trained paediatricians. Height and weight were measured on a calibrated stadiometer and electronic scale, respectively, while participants were wearing light clothes and without shoes. BMI was calculated as kg m −2 . BMI percentile was calculated based on the Centers for Disease Control and Prevention (CDC) growth charts using age and sex. Waist circumference was measured to the nearest 0.5 cm, taken in duplicate and the mean value reported. Blood pressure was measured in duplicate on the right arm after participants were sitting in a quiet room for at least 5 min using a digital blood pressure cuff and the average of the two values was reported.
Body composition and visceral adipose quantification
Total body composition was measured using DXA (Lunar Prodigy, General Electric Medical Systems) and analysed using its enCore TM software (platform version 13.6, GE Healthcare, Madison, WI, USA). Participants were scanned using standard imaging and positioning protocols while fasted. Estimates of abdominal visceral and subcutaneous adipose tissue were obtained using the method described previously for adults (22) . Android fat was measured by a region of interest automatically defined with a caudal limit placed at the top of the iliac crest and its height set to 20% of the distance from the top of the iliac crest to the base of the skull. Subcutaneous fat and visceral fat were estimated within the android region. All scans were reviewed for accurate placement of the android box by the same technician.
Estimates of abdominal visceral and subcutaneous adipose tissue were obtained by CT using a Siemens Sensation 16 (Siemens Medical Solutions, Malvern, PA, USA) with two separate 10 mm slices obtained at the L4-L5 interspace. The two images were subdivided into 5 mm slices and the first and third 5 mm slices were combined and analysed for VAT. The upper limit of adipose tissue density was −30 Hounsfield units and the lower limit was −190 Hounsfield units. Image slices were individually analysed by one trained technician using a computer program (Fat Scan version 3.0; N2 System, Osaka, Japan). A lack of interrater and intrarater reliability may be a limitation; however, the technician is extremely experienced in CT imaging analyses. DXA and CT measurements were taken within 1 week of each other.
Measurement of blood markers
Insulin sensitivity was measured by the hyperinsulinaemic-euglycaemic clamp as previously described (24) . Insulin was infused at a constant rate of 1 mU kg −1 min −1 for 3 h, and glucose was infused at a variable rate to maintain euglycaemia. Insulin sensitivity (M) was expressed as the glucose infusion rate (mg kg −1 min −1 of glucose) during the last 40 min of the clamp, with adjustment for lean body mass (M/LBM). Low M/LBM represents insulin resistance. Fasting blood samples were collected for lipids, glucose and insulin and assays were conducted with DXA vs. CT for quantification of VAT in children | 173 standard procedures at the Fairview Diagnostic Laboratories, Fairview-University Medical Center (Minneapolis, MN, USA), a CDC-certified laboratory. Homeostasis model of insulin resistance (HOMA-IR) was calculated as described previously (25) .
Statistical analysis
Unpaired t-tests were used to compare males and females for demographic and cardiometabolic characteristics and is presented in Table 1 . Pearson's correlation was used to assess the linear relationship between the two measures of VAT. Both CT and DXA-VAT were right skewed so data were log transformed before correlation was measured. As these two measures differed in measurement units, Kendall's tau correlation coefficient was used to measure the concordance of the ranks between the two measures to assess their independence.
Kendall's tau correlation coefficient measures the probability of concordance of the rank values for each method. Multiple linear regression analysis for the whole sample, adjusted for age, sex, race, BMI percentile, Tanner stage and total fat mass (TFM) was used to evaluate associations of VAT with cardiometabolic risk factors. Sex, race and Tanner stage were factors with the reference levels set as male, Caucasian and Tanner stage 1, respectively. Interaction terms were included in the model and removed if they failed to show significance. Covariates were chosen based upon correlation analysis. Variables with a significant association (P < 0.05) with cardiometabolic risk factors were included within the model. Additionally, age and Tanner stage were used to control for pubertal status. Models were reduced if covariate variables were not significantly associated with the dependent variable. Variables were first removed at a modest level of significance (P > 0.5). This cut-point decreased (P > 0.3 and 0.1) after variables were removed. Akaike information criterion was calculated for each model to determine if the reduced, final model had the best fit. Separate analysis was completed for CT-VAT and DXA-VAT to compare the associations of each method with cardiometabolic risk factors. A variance inflation factor (VIF) was calculated for each model to monitor collinearity between covariates. Given the smaller variance explained by our models, conservative thresholds were set to monitor collinearity. Models were reexamined if variables of interest had a VIF greater than 2.5 or if covariates had a VIF greater than 4. The results for each regression are presented in Tables 2 and 3 . The estimate, standard error, adjusted R 2 for the final model and P-value for the estimate are reported with the individual R 2 (proportion of explain variance for that variable) for DXA-VAT, CT-VAT and DXA-TFM. The covariates that remained in the final models are listed at the bottom of Tables 2 and 3 . The complete results of each model including covariates are presented in Supporting Information Tables S1 and S2. All analyses were performed using R (R Foundation for Statistical Computing, www.R-project.org).
Results
Data from 329 children ages 6-18 years old (152 females, 177 males) were included. Demographic data and clinical measures for females, males and the total sample are presented in Table 3 as mean ± standard error. Based on the CDC classifications, the number of participants classified in each category are: 5 (<5% -underweight); 207 (5-84.9% -normal weight); 64 (85-94.9% -overweight); 53 (>94.9% -obese). Log transformation was performed for CT-VAT, DXA-VAT, DXA-TFM, triglycerides, insulin, BMI percentile and HOMA-IR because of the lack of normal distribution as determined by AndersonDarling test. These results are presented as the geometric mean and 95% confidence interval (CI). Systolic blood pressure, glucose, DXA-VAT and DXA-TFM were significantly different between males and females. CT-VAT was not significantly different between sexes. Figure 1 presents the scatterplot of DXA-VAT volume and CT-VAT area. The association does not appear to be directly linear. The Pearson's correlation for CT and DXA (log transformed) within the total DXA vs. CT for quantification of VAT in children | 175 sample was 0.626 (95% CI = 0.554, 0.689). Due to the wide age range, we measured the correlations for younger (age 6-11 years) and older (age 12-18 years) children. The Pearson's correlations for these groups were 0.55 (95% CI = 0.43, 0.65) and 0.63 (95% CI = 0.53, 0.71), respectively. This demonstrates similar significant moderate linear relationships between CT-VAT and DXA-VAT across each age subgroup. Additionally, we calculated the correlations based on BMI percentile, above or below the 85th percentile. The Pearson's correlation for these groups were 0.859 (95% CI = 0.802, 0.900) and 0.226 (95% CI = 0.092, 0.353), respectively. This demonstrates a strong positive relationship between each method in the heavier participants. The correlations between DXA-VAT and TFM, waist circumference and BMI are 0.564, 0.652, and 0.656, respectively. The correlations between CT-VAT and the same measures are 0.863, 0.795 and 0.786, respectively. The Kendall's tau correlation coefficient for the total sample was 0.451 (P < 0.001). This suggests that VAT values for each participant would be ranked similarly by each method (the highest VAT by DXA is the highest VAT value by CT). Table 1 presents the regression analysis for lipid and blood pressure variables for both CT-VAT and DXA-VAT. Regression analysis for glucose metabolism variables for both CT-VAT and DXA-VAT is presented in Table 2 . The R 2 value represents the final model which may have included some of the covariate variables. These final models always produced the lowest Akaike information criterion values.
Regression analysis for computed tomography-visceral adipose tissue
CT-VAT was associated with adverse lipid levels and insulin resistance. There was a positive association 
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with triglycerides and low-density lipoproteins and an inverse association with high-density lipoproteins and M/LBM (all below P < 0.05). No significant association was observed between CT-VAT and systolic blood pressure, diastolic blood pressure, fasting glucose, fasting insulin or HOMA-IR.
Regression analysis for dual-energy X-ray absorptiometry-visceral adipose tissue DXA-VAT was also associated with adverse lipid levels, insulin resistance and additionally diastolic blood pressure. A positive association was observed with triglycerides, diastolic blood pressure, HOMA-IR and fasting insulin; and an inverse association is observed with high-density lipoprotein cholesterol and M/LBM (all below P < 0.05). No associations were observed between DXA-VAT, systolic blood pressure and fasting glucose. DXA-TFM and Tanner stage were consistently included within the final models for DXA-VAT. Tanner stage, sex, race and age, remained in several final models for CT-VAT. Tanner stage was significantly associated with all glucose metabolism variables (fasting glucose, fasting insulin, HOMA-IR and M/LBM) in models for both CT-VAT and DXA-VAT. The full results for each final model are presented in Supporting Information Tables S1 and S2.
Discussion
To our knowledge, this is the first study to use DXA to estimate VAT in children. Because of this, we used the current gold standard, single slice CT-VAT estimation, to compare the total volume DXA method. The purpose of this study was not to demonstrate that these methods are interchangeable, but rather to determine if DXA-VAT provides an accurate estimate of VAT that demonstrates an association to cardiometabolic risk factors in children.
This study compared the linear relationship and concordance of each method. The log-transformed sample correlation provided evidence of a significant linear relationship between CT-VAT and DXA-VAT estimates. This relationship was consistent across all ages. While the correlation between the two measures was lower than expected; the strength of this relationship increases in the largest children, which is important given the increased risk in heavier children, suggesting that the relationship is dependent on total adiposity. The correlation observed in overweight/ obese children is consistent with correlations observed in adults between L4-L5 and total volume (19, 20) . To measure the concordance between each method, we ranked both VAT estimates for each participant. We observed that the rankings were similar to one another based on the Kendall's tau correlation which compares the rankings for concordance. This suggests that these two methods for estimating VAT classify participants similarly despite the differences in measurement units.
While the results of the Kendall's tau suggest that the measurements are not independent from each other, the plot of the ranks suggests that this relationship may be influenced by the largest participants. This is expected given the increased association demonstrated in heavier participants in this study. A leaner individual may accumulate VAT in different areas, which could lead to discordant relationship between a single slice and total volume measurement, suggesting that a single slice at L4-L5 may not be representative of total VAT volume in lean children. This is consistent with research in adults that observed a stronger association between single slice and total volume 5-10 cm above L4-L5 (26) . This may explain the differences observed between the relationships of each method with certain cardiometabolic risk factors.
To our knowledge, this is the first study in children utilizing concurrent measurement of VAT by both CT and DXA. This allowed the associations of each method with several cardiometabolic risk factors to be indirectly compared. While the two measurement units are different, significant associations were observed between cardiometabolic risk factors for both DXA-VAT and CT-VAT. These results suggest that VAT quantified by DXA provides similar information about the relationship between VAT and measures of cardiometabolic risk. Each method resulted in a similar proportion of explained variance with metabolic risk factors (individual R 2 ). Furthermore, DXA-VAT demonstrates a significant association with additional variables (diastolic blood pressure, fasting insulin, HOMA-IR) for which CT shows no significant association. This may be due to the slice site used in this study; L4-L5 is not the site with the strongest association with cardiometabolic risk factors in adults (19, 20) . While we believe that this is the first study to use DXA-derived VAT to measure the association with risk factors in children, a previous study observed that total fat measured at L1-L4 and regional fat at other depots, using DXA, provided the best predictive measure of insulin resistance and other cardiovascular risk factors independent of total body mass in children (27, 28) .
The gender differences in VAT observed in this study were apparent by DXA-VAT but not with CT-VAT. This is similar to a recent study which observed ethnic and DXA vs. CT for quantification of VAT in children | 177 sex differences by total volume MRI in children (29) . Adolescence is a time where adipose tissue accumulation differences develop between the sexes, in part because of introduction of sex-specific hormones; puberty results in shifts in accumulation of adipose tissue to specific depot (30) . Females, generally, store more adipose tissue in the gynoid region and males, generally, store more adipose tissue in the android region. In this study, and many others, CT-VAT estimates VAT in a single slice at L4-L5, near the umbilicus. This location is near the inferior border of the android region. It is possible that accumulation of adipose tissue in the visceral region starts higher than L4-L5 and thus sex-specific differences cannot be identified by a single slice at this region. The fact that with obesity more storage of adipose tissue is likely to accumulate through the whole android region, including the lower regions, would explain the stronger linear relationship in the heavier participants. Thus, for most children who have relatively small amounts of VAT, total volume of VAT by DXA may provide important information that is missed in the single slice approach.
DXA offers several advantages over CT in the paediatric population. DXA is less expensive and associated with significantly lower radiation exposure than CT. In addition to VAT, DXA provides additional useful information including bone mineral density, total and regional body composition. A third method, MRI does not involve exposure to radiation but the cost and feasibility concerns are similar to CT in this population. Also, neither CT nor MRI provides a measure of total body composition. The results of this study suggest that DXA-VAT is significantly associated with CT-VAT, especially in overweight and obese children. Furthermore, DXA-VAT was associated with several measures of cardiometabolic risk. This demonstrates that DXA-VAT, estimated in children, maintains the independent relationship with cardiometabolic risk factors observed previously using single slice VAT estimation (6) (7) (8) (9) (10) (11) (12) (13) (14) . These results provide evidence that DXA is an acceptable method for quantification of VAT in children.
Limitations
A limitation of this study is that it was an analysis of previously collected data. This did not allow for comparison of equal-sized VAT regions, or multiple slice sites. Additionally, there is limited evidence as to the best slice site in children; however, the evidence in adults suggests a slice higher than L4-L5 may provide a stronger association to total volume and metabolic risk factors.
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